The systemic renin-angiotensin system is an essential regulator in the vasculature, controlling blood pressure and fluid homeostasis. Local tissue renin-angiotensin systems also exist and are involved in a variety of autocrine, intracrine, and paracrine functions (1, 2) . The eight-amino acid peptide angiotensin II (Ang II), a major effector hormone of the system, is a potent vasoconstrictor and mitogen, whereas angiotensin-(1-7) [Ang- (1) (2) (3) (4) (5) (6) (7) ] produces unique physiologic responses that often oppose Ang II actions (1) (2) (3) . Ang-(1-7) is present in the circulation and tissues at concentrations similar to Ang II and functions as a vasodilator with antiproliferative and antiangiogenic properties (4) .
Ang II is generated from angiotensin I following cleavage by the peptidase angiotensin-converting enzyme (3, 4) . Ang-(1-7) is also formed from angiotensin I following cleavage by other peptidases, including neprilysin. Ang-(1-7) is alternatively generated following cleavage of Ang II by angiotensin-converting enzyme 2, as shown in Fig. 1 . Both Ang II and Ang-(1-7) mediate their biological effects through interaction with distinct, high-affinity angiotensin receptors to activate molecular signaling pathways. Ang II is an agonist for the Ang II type 1 and type 2 receptors, whereas Ang-(1-7) activates the unique G proteincoupled receptor mas (1) (2) (3) (4) (5) .
The antimitogenic effects of Ang-(1-7) were initially shown in vitro and in vivo in vascular smooth muscle cells. Ang- (1) (2) (3) (4) (5) (6) (7) inhibited the proliferation of vascular smooth muscle cells (6) and reduced neointimal formation in the carotid artery following vascular injury (7) and in the abdominal aorta following stent implantation (8) . Further, Ang-(1-7) significantly reduced lung cancer cell proliferation in a receptor-mediated process (9) and reduced lung tumor growth in a xenograft model with a concomitant reduction in cyclooxygenase-2 (10). Ang-(1-7) treatment also decreased microvessel density, which was associated with a reduction in vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) in lung and breast tumor xenografts (11, 12) . These results suggest that Ang-(1-7) may inhibit tumor growth by reducing proangiogenic factors to attenuate angiogenesis.
These observations led us to the hypothesis that Ang-(1-7) might be useful as a novel antiangiogenic therapy. A prior phase I study examining Ang-(1-7) as a myeloprotective agent failed to reach maximum tolerated dose, and the highest administered dose was used as the starting dose for this study (13) . To our knowledge, no other drugs targeting the mas receptor have been developed for treating cancer.
This phase I trial was undertaken to establish a phase II dose of Ang-(1-7) for treating patients with advanced cancer. Plasma levels of proangiogenic hormones were measured to investigate whether changes in circulating levels of these paracrine hormones are associated with clinical outcomes.
Materials and Methods
Patient eligibility. Patients were required to have advanced solid tumors refractory to standard therapy. Patients also were required to have a pathologically documented malignancy and an Eastern Cooperative Oncology Group performance status of 0 to 2. Patients were ineligible if they were taking angiotensin-converting enzyme inhibitors or Ang II receptor blockers, had brain metastases, were pregnant or breast-feeding, or were receiving therapeutic anticoagulation. Required laboratory criteria at study entry included an absolute neutrophil count of ≥1,500/ μL, platelet count of ≥100,000/μL, estimated creatinine clearance of >30 mL/min, total bilirubin of <2 mg/dL, and aspartate aminotransferase and alanine aminotransferase <3 times the upper limit of normal. Prior therapies (including chemotherapy, surgery, and radiation) had to be completed at least 4 wk before enrollment.
Study design. Ang-(1-7) was produced by Bachem AG under good manufacturing protocol conditions. Compounding was done to produce vials of Ang-(1-7) at concentrations of 10 and 50 mg/mL. Vials were stored frozen, and after thawing, vials were maintained at refrigerated temperatures for no more than 2 wk.
Ang-(1-7) was administered by s.c. injection once daily for 5 consecutive days every 21 d (one cycle = 21 d). Toxicities were assessed weekly during the first cycle and on the first day of each subsequent cycle. Tumor measurements were done every two cycles. In the absence of
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Antiangiogenic drugs targeting mechanisms other than vascular endothelial growth factor (VEGF)-VEGF receptor pathway will likely play a vital role in future antiangiogenic combinations. This study found that angiotensin-(1-7) [Ang-(1-7)] has clinical activity and linked this activity to reduction in an emerging antiangiogenic target, placental growth factor (PlGF). A phase II study of single-agent Ang-(1-7) in patients with sarcoma is ongoing, and strategies combining Ang-(1-7) with VEGF targeted drugs are in preclinical testing.
This study provides evidence of activity for a firstin-class antiangiogenic drug targeting the mas receptor. To our knowledge, this is also the first agent that has shown the ability to reduce PlGF levels in patients with cancer. Other drugs targeting PlGF are entering clinical trials. Our findings support development of Ang-(1-7) as well as these other drugs by validating PlGF as a target for cancer therapy. unacceptable treatment-related toxicity, patients continued treatment until disease progression. Intrapatient dose escalation was not allowed.
This study was approved by the Institutional Review Board of Wake Forest University and the Food and Drug Administration. It was registered in the National Cancer Institute PDQ Database and ClinicalTrials. gov as NCT00471562. All patients were required to give written informed consent.
Dose escalation. Planned dose levels were 100, 200, 400, 700, and 1,000 μg/kg. Serious adverse events (SAE) were defined as grade 3 or greater toxicities. Dose-limiting toxicities (DLT) were defined as SAEs at least possibly related to Ang-(1-7) treatment.
Patients were enrolled in cohorts of three patients starting at the 100 μg/kg dose. Escalation to the next level occurred if the maximum tolerated dose was not reached and a sufficient number of patients in a cohort were treated for at least 3 wk. If one of the first three patients enrolled in a cohort experienced a DLT, the cohort was expanded to include three additional patients. If none of these three additional patients experienced DLT, escalation to the next cohort occurred. If one or more of the additional patients experienced DLT, dose escalation was stopped, and this dose was designated the highest administered dose. A total of six patients were required to be treated at the maximum tolerated dose, which was defined as the highest dose level at which no more than one of six patients experienced DLT.
Patient assessment. Physical examination and routine laboratory tests were done weekly during the first cycle and on day 1 of subsequent cycles. Toxicities were graded using the Common Terminology Criteria for Adverse Events, version 3.0. Blood pressure was monitored before treatment for each dose and for 6 h after treatment on days 1 and 5 of the first cycle. Tumor measurements were done before initiation of treatment and then every two cycles until disease progression or unacceptable toxicity.
Measurement of drug and angiogenic hormone levels. Blood samples were obtained immediately before treatment as well as 1, 2, 3, 4, and 6 h after Ang-(1-7) administration on days 1 and 5 of the first cycle using a dedicated i.v. access. Blood samples were immediately placed on ice and processed within 30 min of collection. Plasma samples were stored at -80°C. Ang-(1-7) concentrations were measured by the Hypertension Core Facility of Wake Forest University using an established RIA method (14) .
Aliquots of plasma from the same time points were assayed by Pierce Biotechnology using Searchlight ELISA technology to quantify circulating VEGF, PlGF, and basic fibroblast growth factor. Samples were blinded before shipping. Aliquots of plasma from each time point were assayed at three dilutions (1:2, 1:50, and 1:1,000), and two replicates were done for each dilution. The Searchlight ELISA measurements were done using proprietary antibodies specific to VEGF, PlGF, and basic fibroblast growth factor (Pierce Biotechnology). A standard curve of known concentrations for each peptide was done at the same time using the same dilution scheme. For experimental samples, the value from the highest sample concentration within the range for the standard curve was reported as the peptide concentration for each time point.
Pharmacology and biomarker evaluation. Pharmacokinetic parameters were estimated using a one-compartment model. Biomarkers were analyzed using random coefficient modeling estimated by maximum likelihood. Biomarker levels were modeled after log transformation, consideration of quadratic effects of time (after centering), and adjustment for plasma drug levels. Hemolysis was assessed in all plasma samples and five samples from three patients were excluded from biomarker modeling due to marked hemolysis.
Statistical methods. Frequency and severity of treatment-related toxicities were examined by cohort. All analyses were two sided, and a P value of <0.05 was considered statistically significant. Analyses were done using Statistical Analysis System v9.1.3 (SAS Institute) and Stata v10.1 (StataCorp) and were done by the Core Biostatistics Facility of the Comprehensive Cancer of Wake Forest University.
Results
Patients. Eighteen patients were enrolled between April 2007 and October 2008. All patients were evaluable for toxicity. Fifteen patients were evaluable for response. The patient characteristics are displayed in Table 1 .
Dose escalation and toxicity. No hematologic toxicity was observed. Nonhematologic toxicity possibly related to treatment is summarized in Table 2 . Treatment was generally well tolerated with mild muscle cramps occurring in three patients. One patient developed gingival regression, which was attributed to Ang-(1-7) because no other etiology could be identified by a consulting dentist. There were no treatment-related deaths.
Three SAEs possibly related to Ang-(1-7) were observed during the study. One patient with metastatic pancreatic cancer treated at 400 μg/kg developed a grade 3 deep vein thrombosis possibly related to Ang-(1-7) during the first cycle of therapy. The patient reported calf pain that started the evening after the first dose of treatment and worsened during the week of treatment. An ultrasound confirmed the presence of a deep vein thrombosis, and the patient was started on low-molecular weight heparin. A total of six patients were treated at the 400 μg/kg dose level, and no other treatment-related SAEs were observed. One patient with metastatic lung cancer treated at 700 μg/kg developed multiple strokes (grade 4). On day 6 of the third cycle, the patient became acutely confused. Magnetic resonance imaging of the brain revealed multiple bilateral small strokes with a vasculitic pattern. A workup for an embolic source was negative. A consulting neurologist indicated that the event was possibly related to Ang-(1-7) administration. After discontinuing treatment, the patient's neurologic symptoms improved but did not resolve completely. The patient eventually died from a pathologically confirmed malignant pleural effusion for which she declined chest tube placement 31 days after discontinuing treatment.
The 700 μg/kg cohort was expanded to include six patients, and one additional patient experienced a SAE possibly related to Ang-(1-7). The patient had metastatic prostate cancer and experienced a grade 3 cranial neuropathy. The patient reported sudden difficulty eating 2 weeks after receiving the first treatment. On exam, the patient was unable to deviate the tongue to one side. Magnetic resonance imaging of the brain was negative for stroke. Evaluation by a consulting neurologist indicated a peripheral neuropathy. Four weeks after discontinuing his Ang-(1-7) treatment, tongue function recovered completely.
SAEs not related to Ang-(1-7) included hospitalizations for the following reasons: pain due to cancer in one patient, ureteral obstruction due to cancer in one patient, lymphedema due to cancer in one patient, bradycardia due to medications in one patient, and gastroenteritis due to food poisoning in one patient.
With two of six patients experiencing SAEs at least possibly related to treatment at the 700 μg/kg dose, 400 μg/kg was determined to be the recommended phase II dose for this schedule. Six patients were treated at the 400 μg/kg dose and only one of six experienced a SAE (the patient with deep vein thrombosis discussed above).
Clinical activity. One patient with metastatic sarcoma that was progressing at the time of enrollment who was treated at the 700 μg/kg dose experienced a mixed response to therapy with an overall reduction in the sum of unidimensional measures of 19%. The patient continued on therapy for 10 months before eventually developing progressive disease (Table 3) .
Three additional patients experienced stabilization of disease lasting more than 3 months. One of these patients had metastatic prostate cancer and showed a small consistent decrease in prostate-specific antigen on day 5 compared with day 1 of each cycle. One other patient with metastatic sarcoma developed cystic changes in a liver metastasis without a reduction in tumor size. This patient also experienced a 73% reduction in plasma PlGF levels after treatment on day 1.
Pharmacokinetic and biomarker analyses. Logarithmic plots of drug concentrations according to cohort are displayed in Fig. 2 . Pretreatment concentrations of Ang-(1-7) were less than 35 pg/mL in all patients, similar to the values reported for healthy volunteers (15) . The drug was rapidly bioavailable after s.c. injection with maximum drug levels achieved at 1 hour in almost all patients. Dose-dependent increases in drug exposure were observed only at the highest dose level. A single patient receiving the lowest drug dose had high drug levels and a prolonged drug half-life, which may explain the apparent lack of dose dependence among the lower dose levels. The mean half-life was similar across the three highest dose levels ranging from 0.42 to 0.61 hour (Supplementary Tables S1 and S2 ), in agreement with a prior phase I study that examined lower Ang-(1-7) doses (13) .
Plasma levels of angiogenic biomarkers were examined over time after Ang-(1-7) administration. Circulating levels of basic fibroblast growth factor were below the limits of detection in numerous samples. Levels of PlGF and VEGF were compared in patients with clinical benefit and patients without clinical benefit as shown in Fig. 3 . PlGF levels were not significantly different between the groups before treatment on day 1 (P = 0.32). After treatment on day 1, PlGF levels decreased over time in patients with clinical benefit (P = 0.04) but not in patients without clinical benefit (P = 0.25). On day 5, PlGF levels were lower in patients with clinical benefit compared with patients without clinical benefit (P = 0.04). This indicates that Ang-(1-7) administration resulted in a decrease in circulating levels of PlGF in some patients and links this effect to achieving clinical benefit.
Discussion
This phase I study examined the toxicities and pharmacokinetics of Ang-(1-7) in patients with advanced cancer. The toxicities observed were generally mild aside from one case of multiple strokes and one case of cranial neuropathy. Arterial and venous thrombotic events such as those observed in this study seem to be a class effect of antiangiogenic drugs (16, 17) . No bleeding complications or episodes of hypertension were observed. The recommended phase II dose of this drug is 400 μg/kg as a daily s.c. injection for 5 consecutive days on a 3-week cycle. Four patients on this study experienced clinical benefit with stabilization of disease lasting more than 3 months. Two of those showed some radiographic improvement and one other had a minor improvement in prostate-specific antigen. Patients with clinical benefit had a reduction in plasma PlGF, whereas no significant change in this proangiogenic hormone was observed in patients without clinical benefit. PlGF is emerging as a target for cancer therapy, and the findings of this study support the potential therapeutic value of targeting this hormone (18) (19) (20) .
Resistance to VEGF-targeted drugs has been attributed to a process known as angiogenic escape (21) , in which tumor angiogenesis is driven by alternative proangiogenic hormones, including PlGF, after VEGF signaling is blocked. Consistent with this theory, high levels of PlGF have been observed following treatment with existing VEGF targeting drugs (22, 23) . The findings of this study suggest that Ang-(1-7) might enhance sensitivity to existing VEGF inhibitors by reducing PlGF levels and preventing angiogenic escape (18) (19) (20) (21) (22) (23) .
The findings of this study indicate that Ang-(1-7) treatment may reduce circulating levels of PlGF and that this effect may in turn lead to disease stabilization. It is possible, however, that these correlations do not represent causal relationships. It is possible that PlGF concentrations fall as a consequence of some other antitumor property of this drug but that the reduction in PlGF is not required to achieve clinical benefit. Further preclinical studies are needed to determine whether the reduction in PlGF is required for the antitumor effects of Ang- (1-7) .
Clinical or molecular factors that predict who will achieve a reduction in PlGF following Ang-(1-7) treatment have not been determined. It is possible that expression of the mas receptor in cancer cells will be required for patients to benefit. Because the mas receptor is found on endothelial cells (24) and Ang-(1-7) directly inhibits endothelial cell tubule formation (12) , receptor expression in cancer cells may not be required to effect tumor angiogenesis. Identification of predictive biomarkers may be useful for optimizing future clinical trials.
Antitumor activity was associated with reduction in VEGF and PlGF in human lung or breast tumor xenografts (11, 12) . For the cohort of patients with clinical benefit, no significant change in levels of plasma VEGF was observed. Individual patient-level analyses of changes in plasma VEGF will be explored in future work.
This phase I trial validates the renin-angiotensin system as a target for cancer therapy (25) (26) (27) . All of the necessary prohormones, peptidases, and receptors are found in cancers (27, 28) , as shown in Fig. 1 . The renin-angiotensin system also may prove to be an important target for cancer chemoprevention. Angiotensin-converting enzyme inhibitors are known to increase levels of Ang-(1-7) and have apparent chemopreventive activity observed in several large studies (29) (30) (31) (32) (33) . Further preclinical and clinical studies of Ang-(1-7) and other drugs that target the renin-angiotensin system for cancer therapy and chemoprevention are needed.
Ang-(1-7) is a first-in-class drug targeting the mas receptor. Two of the three patients with sarcoma had clinical benefit and a phase II trial has been developed at the Wake Forest University to determine the activity of Ang-(1-7) for the treatment of this disease. Given that antiangiogenic drugs tend to have a broad spectrum of activity, phase II testing in other solid tumors is planned. 
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